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THE EFFECT OF VARIATIONS I N  CONTROLS AND DISPLAYS 

ON HELICOPTER INSTRUMENT APPROACH CAPABILITY 

Frank R. N i e s s e n ,  James R .  K e l l y ,  John F. G a r r e n ,  J r . ,  
Kenneth R .  Yenni,  and Lee H.  Pe r son  

Langley Research Cen te r  

SUMMARY 

A f l i g h t  i n v e s t i g a t i o n  was conducted w i t h  a v a r i a b l e  s t a b i l i t y  h e l i c o p t e r  
t o  de t e rmine  t h e  effects  of v a r i a t i o n s  i n  c o n t r o l s  and d i s p l a y s  on h e l i c o p t e r  
i n s t r u m e n t  approach c a p a b i l i t i e s .  The b a s e l i n e  i n s t r u m e n t  approach t a s k  was a 
d e c e l e r a t i n g  approach t o  a hover  a l o n g  a 6' g l i d e  s l o p e .  P i l o t  e v a l u a t i o n s  were 
ob ta ined  f o r  both t h e  cons t an t - speed  p a r t  o f  t h e  t a s k  and t h e  d e c e l e r a t i o n  and 
hover p a r t  o f  t h e  t a s k .  The v a r i a b l e  s t a b i l i t y  c a p a b i l i t y  o f  t h e  r e s e a r c h  h e l i -  
c o p t e r  was used t o  p r o v i d e  t h r e e  l e v e l s  o f  c o n t r o l  system s o p h i s t i c a t i o n :  an 
a t t i t u d e  c o n t r o l  augmentat ion system (CAS), an a t t i t u d e  s t a b i l i t y  augmentat ion 
system (SAS), and a ra te  SAS system. The C A S  system was implemented by u s i n g  a 
high-gain c o n t r o l  t e c h n i q u e ,  whereas t h e  two SAS systems were implemented by 
us ing  t h e  r e sponse  feedback method. I n  a d d i t i o n ,  t h e  b a s e l i n e  d i s p l a y  system 
was used both w i t h  and w i t h o u t  t h ree -cue  f l i g h t  d i r e c t o r  command i n f o r m a t i o n .  

It was found t h a t  r e g a r d l e s s  o f  t a s k  o r  d i s p l a y  c o n f i g u r a t i o n ,  t h e  a t t i t u d e  
SAS c o n t r o l  system was s t r o n g l y  p r e f e r r e d  ove r  ra te  SAS, p r i m a r i l y  because ,  even 
w i t h  t h e  ra te  SAS, t h e  a i r c ra f t  had a d i v e r g e n t  p i t c h  r e s p o n s e .  From a d i s p l a y  
v a r i a t i o n  s t a n d p o i n t ,  i t  was n o t  p o s s i b l e  t o  d e c e l e r a t e  t o  a hover  i n  a c o n s i s t -  
e n t  manner, r e g a r d l e s s  o f  t h e  c o n t r o l  system employed, w i t h  s i t u a t i o n  informa- 
t i o n  on ly .  I n  p a r t i c u l a r ,  t h e  d e c e l e r a t i o n  and hover  t a s k  was u n a c c e p t a b l e  with- 
o u t  f l i g h t  d i r e c t o r  command i n f o r m a t i o n .  

I N T R O D U C T I O N  

H e l i c o p t e r s  have been found t o  be u s e f u l  f o r  a v a r i e t y  o f  a p p l i c a t i o n s  
because o f  t h e i r  a b i l i t y  t o  hover  and ,  t h u s ,  t o  o p e r a t e  i n t o  conf ined  areas and 
i n t o  remote si tes wi thou t  runways. However, t h i s  unique c a p a b i l i t y  o f  t h e  h e l i -  
c o p t e r  cannot  p r e s e n t l y  be u t i l i z e d  under poor v i s i b i l i t y  c o n d i t i o n s  because o f  
i n a d e q u a t e  c o n t r o l s  and d i s p l a y s .  The t a s k  o f  f l y i n g  a h e l i c o p t e r  i n s t r u m e n t  
approach t o  a hover poses  a r a t h e r  d i f f i c u l t  c o n t r o l  problem because o f  t h e  
r equ i r emen t  t o  c o n t r o l  ground speed as a f u n c t i o n  o f  d i s t a n c e  d u r i n g  t h e  d e c e l -  
e r a t i o n  and t h e  r equ i r emen t  t o  c o n t r o l  p o s i t i o n  i n  a hover .  A number o f  f l i g h t  
i n v e s t i g a t i o n s  have been conducted w i t h  r e g a r d  t o  t h i s  p a r t i c u l a r  t a s k ,  bu t  
t h e s e  i n v e s t i g a t i o n s  have,  f o r  t h e  most p a r t ,  c o n c e n t r a t e d  on u s i n g  o n l y  a s i n -  
gle  c o n t r o l - d i s p l a y  c o n f i g u r a t i o n .  I n  t h e  i n v e s t i g a t i o n  r e p o r t e d  i n  r e f e r e n c e  1 ,  
i t  was shown t h a t  i t  was p o s s i b l e  t o  perform a d e c e l e r a t i n g  i n s t r u m e n t  approach 
t o  a hover w i t h  a h e l i c o p t e r .  The c o n t r o l - d i s p l a y  system which was used con- 
s i s t e d  o f  an a t t i t u d e  CAS and a d i s p l a y  system w i t h  a th ree -cue  f l i g h t  d i r e c t o r .  



A s  r e p o r t e d  i n  r e f e r e n c e  2 ,  t h e  same c o n t r o l - d i s p l a y  system was used t o  i n v e s t i -  
gate s t e e p  approach a n g l e s  and v a r i o u s  d e c e l e r a t i o n  p r o f i l e  shapes .  

The f l i g h t  i n v e s t i g a t i o n  descr ibed i n  t h i s  r e p o r t  was conducted i n  o r d e r  t o  
bet ter  unde r s t and  t h e  r e l a t i v e  c a p a b i l i t i e s ,  l i m i t a t i o n s ,  and b e n e f i t s  a s s o c i -  
ated w i t h  v a r i o u s  c o n t r o l  and d i s p l a y  system combina t ions .  For t h e  i n s t r u m e n t  
approach t a s k  o f  d e c e l e r a t i n g  t o  a hover  a l o n g  a 6 O  g l i d e  s l o p e ,  v a r i a t i o n s  were 
made from t h e  b a s e l i n e  c o n t r o l  and d i s p l a y  system used i n  t h e  p r e v i o u s  i n v e s t i -  
g a t i o n s .  (See  refs.  1 and 2 . )  The v a r i a b l e  s t a b i l i t y  c a p a b i l i t y  o f  t he  
research h e l i c o p t e r  was used t o  p rov ide  t h r e e  l e v e l s  of  c o n t r o l  system s o p h i s t i -  
c a t i o n :  a n  a t t i t u d e  CAS, an a t t i t u d e  SAS, and a r a t e  SAS. The C A S  system was 
implemented by u s i n g  t h e  high-gain model-following c o n t r o l  t e c h n i q u e ,  whereas 
t h e  two SAS systems were implemented by u s i n g  t h e  r e s p o n s e  feedback method 
( re f .  3 ) .  I n  a d d i t i o n ,  t h e  b a s e l i n e  d i s p l a y  system was used both w i t h  and wi th -  
o u t  t h e  f l i g h t  d i r e c t o r  command i n f o r m a t i o n .  The v a r i o u s  c o n t r o l  and d i s p l a y  
system combinat ions were compared from t h e  s t a n d p o i n t  o f  approach and hovering 
performance and by p i l o t  e v a l u a t i o n .  P i l o t  comments and r a t i n g s  were o b t a i n e d  
f o r  both t h e  cons t an t - speed  p a r t  o f  t h e  task  and t h e  d e c e l e r a t i o n  and hover p a r t  
o f  t h e  t a s k .  

DESCRIPTION OF EQUIPMENT 

Research H e l i c o p t e r  

The research h e l i c o p t e r  which was used i n  t h e  f l i g h t  i n v e s t i g a t i o n  i s  shown 
i n  f i g u r e  1 .  T h i s  h e l i c o p t e r  was modif ied f o r  c o n t r o l  and d i s p l a y  research by 
p r o v i d i n g  the  e v a l u a t i o n  p i l o t  w i t H  both a v a r i a b l e  s t a b i l i t y  c o n t r o l  system and 
w i t h  pr imary e l e c t r o m e c h a n i c a l  d i s p l a y s  which cou ld  be d r i v e n  by onboard g e n e r a l  
purpose ana log  computers.  

The v a r i a b l e  s t a b i l i t y  c o n t r o l  system was ach ieved  by removing t h e  mechani- 
cal l i n k a g e s  connec t ing  t h e  e v a l u a t i o n  p i l o t ' s  c o n t r o l s ,  l o c a t e d  on t h e  r i g h t -  
hand s i d e  o f  t h e  c o c k p i t ,  and by i n s t a l l i n g  e l e c t r o h y d r a u l i c  a c t u a t o r s  f o r  each 
c o n t r o l  a x i s  ( p i t c h ,  r o l l ,  yaw, and c o l l e c t i v e ) .  These a c t u a t o r s  were i n s t a l l e d  
i n  p a r a l l e l  w i t h  t he  s a f e t y  p i l o t ' s  c o n t r o l s ,  which were u n a l t e r e d ,  so  t h a t  h i s  
c o n t r o l s  fol lowed t h e  c o n t r o l - s u r f a c e  motions r e s u l t i n g  from e l ec t r i ca l  i n p u t s .  
The onboard g e n e r a l  purpose a n a l o g  computers p rocessed  e l ec t r i ca l  s i g n a l s  from 
t r a n s d u c e r s  on the  e v a l u a t i o n  p i l o t ' s  c c n t r o l s  and from o t h e r  s e n s o r s ,  and 
t h e r e b y  provided t h e  e l ec t r i ca l  i n p u t  s i g n a l s  t o  t h e  a c t u a t o r s .  

The d i s p l a y  p a n e l  for t h e  e v a l u a t i o n  p i l o t  i s  shown i n  f igure 2. The a t t i -  
t u d e  d i r e c t o r  i n d i c a t o r  and t h e  h o r i z o n t a l  s i t u a t i o n  d i s p l a y  were modif ied s o  
t h a t  they  could be d r i v e n  by t h e  onboard g e n e r a l  purpose ana log  computers.  The 
s imula t ed  radar a l t imeter ,  which f e a t u r e d  an expanded scale f o r  t h e  l a s t  30.5 m 
(100 f t )  o f  a l t i t u d e ,  was a l s o  d r i v e n  by t h e  ana log  computers .  The mechanical 
c o l l e c t i v e  p o s i t i o n  i n d i c a t o r  d i s p l a y e d  t h e  p o s i t i o n  o f  t h e  s a f e t y  p i l o t ' s  co l -  
l e c t i v e  c o n t r o l .  T h i s  i n s t r u m e n t  was used as a power i n d i c a t o r  s i n c e  a torque-  
meter was no t  i n s t a l l e d .  The remaining d i s p l a y  i n d i c a t o r s  were c o n v e n t i o n a l  
a i rc raf t  i n d i c a t o r s .  
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P r e c i s i o n  Radar 

Ai rcraf t  p o s i t i o n  i n f o r m a t i o n  was provided by a p r e c i s i o n  t r a c k i n g  r a d a r  
system l o c a t e d  a t  Wallops F l i g h t  C e n t e r ,  V i r g i n i a  , where t h e  f l i g h t  tests were 
performed. The p o s i t i o n  of t h e  a i rc raf t  was sensed  i n  terms o f  s l a n t  r ange  and 
azimuth and e l e v a t i o n  a n g l e s .  The p o s i t i o n  i n f o r m a t i o n  was conver t ed  i n t o  rec- 
t a n g u l a r  c o o r d i n a t e s  i n  t h e  runway r e f e r e n c e  frame and was t h e n  t r a n s m i t t e d  t o  
t h e  a i r c ra f t  over  an FM ( f r e q u e n c y  modulated) t e l e m e t r y  l i n k .  The r a d a r  was 
K-band and had an an tenna  beam width of  O . 5 O .  The t r a c k i n g - a n g l e  coverage o f  
t h e  r a d a r  was between 0' and 30' i n  e l e v a t i o n  and &+5O i n  azimuth.  
of  t h e  r a d a r  was 0.02' f o r  t h e  azimuth and e l e v a t i o n  a n g l e s  and 3 m (10 f t )  o r  
1 p e r c e n t ,  whichever w a s  g r e a t e r ,  f o r  s l a n t  r a n g e .  

The accu racy  

Nav iga t ion  Computer 

Onboard t h e  a i r c r a f t ,  a n  a n a l o g  computer was used t o  smooth t h e  r a d a r  pos i -  
t i o n  s i g n a l s  and t o  d e r i v e  ground-referenced v e l o c i t y  i n f o r m a t i o n .  T h i s  func- 
t i o n  was accomplished by u s i n g  a complementary f i l t e r i n g  t e c h n i q u e  t h a t  c o n t i n -  
uously mixed t h e  r a d a r  p o s i t i o n  s i g n a l s  w i t h  a c c e l e r a t i o n  i n f o r m a t i o n ,  which was 
d e r i v e d  from onboard i n s t r u m e n t a t i o n .  T h i s  t e c h n i q u e ,  d e s c r i b e d  i n  r e f e r e n c e  4 ,  
provided e s s e n t i a l l y  n o i s e - f r e e  p o s i t i o n  and v e l o c i t y  i n f o r m a t i o n  w i t h o u t  i n t r o -  
ducing a n y  lag.  

CONTROL SYSTEM 

C o n t r o l  System C o n f i g u r a t i o n s  

Three d i f f e r e n t  c o n t r o l  system c o n f i g u r a t i o n s ,  r e p r e s e n t i n g  t h r e e  d i f f e r e n t  
l e v e l s  o f  c o n t r o l  system s o p h i s t i c a t i o n ,  were implemented f o r  e v a l u a t i o n  pur- 
poses .  These  systems w i l l  each be d i s c u s s e d  i n  a s e p a r a t e  s e c t i o n .  Note t h a t  
t h e  a i r c r a f t ' s  c o l l e c t i v e  r e sponse  w a s  n o t  v a r i e d  d u r i n g  t h i s  i n v e s t i g a t i o n ,  and 
t h a t  t h e  e v a l u a t i o n  p i l o t  was provided s imply w i t h  t h e  c o l l e c t i v e  r e sponse  char-  
a c t e r i s t i c s  o f  t h e  unaugmented b a s i c  a i r c ra f t .  The c o l l e c t i v e  c o n t r o l  s e n s i t i v -  
i t y  was approximately -0.0856 g/cm (-0.22 g / i n . ) ,  and t h e  v e r t i c a l  damping-to- 
mass r a t i o  was approx ima te ly  -0.5 sec-1. 

Rate SAS svstem.- For  t h e  r a t e  SAS c o n f i g u r a t i o n ,  r a t e  damping augmentat ion 
was provided i n  p i t c h ,  r o l l ,  and yaw. Augmentation was ach ieved  by u s i n g  t h e  
r e sponse  feedback method; t h a t  i s ,  t h e  a c t u a t o r  command s i g n a l  was formed by sum- 
ming t h e  ra te  gyro s i g n a l  w i t h  t h e  p i l o t ' s  c o n t r o l  i n p u t  s i g n a l .  For t h e  yaw 
a x i s ,  a body-mounted l a t e ra l  a c c e l e r o m e t e r  s i g n a l  was a l s o  i n c l u d e d  t o  augment 
s t a t i c  d i r e c t i o n a l  s t a b i l i t y .  Although c o n v e n t i o n a l  SAS a c t u a t o r s  g e n e r a l l y  
have l i m i t e d  a c t u a t o r  a u t h o r i t y ,  t h i s  f a c t o r  was n o t  i n c l u d e d  i n  t h e  p r e s e n t  
i n v e s t i g a t i o n  s i n c e  it would n o t  be expected t o  have much e f fec t  on an i n s t r u -  
ment f l i g h t  t a s k  where o n l y  mi ld  maneuvering would be r e q u i r e d .  

The rate SAS g a i n s ,  i n  terms of t h e  d e f l e c t i o n  o f  t h e  s a f e t y  p i l o t ' s  con- 
t r o l  due t o  each of  t h e  i n p u t  s i g n a l s ,  are g i v e n  i n  t a b l e  I. The s e n s i t i v i t y  of 
each o f  ;he e v a l u a t i o n  p i l o t ' s  c o n t r o l s  was set  e q u a l  t o  t h a t  o f  t h e  b a s i c  a i r -  
c r a f t ,  i \d t h e  l e v e l s  o f  a r t i f i c i a l  ra te  damping and d i r e c t i o n a l  s t a b i l i t y  were 
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e s t a b l i s h e d  acco rd ing  t o  p i l o t  p r e f e r e n c e  d u r i n g  a ser ies  o f  p r e l i m i n a r y  f l i g h t s .  
Approximate c o n t r o l  s e n s i t i v i t i e s  and s t a b i l i t y  d e r i v a t i v e s  f o r  t h e  augmented 
a i r c ra f t ,  as shown i n  t ab le  11, were computed based on t h e  SAS g a i n s  i n  table  I 
and s t a b i l i t y  d e r i v a t i v e  data f o r  t h e  basic a i rcraf t  from t a b l e  IV-12 o f  refer- 
ence 5. The l e v e l s  o f  c o n t r o l  s e n s i t i v i t y  and ra te  damping are i n  e x c e s s  o f  t h e  
minimum requ i r emen t s  se t  f o r t h  i n  r e f e r e n c e  6 .  Based on t h e  augmented s t a b i l i t y  
d e r i v a t i v e s ,  t h e  character is t ic  r o o t s  f o r  bo th  t h e  l o n g i t u d i n a l  and t h e  lateral- 
d i r e c t i o n a l  dynamics were computed f o r  t h e  augmented a i r c ra f t .  
p r e s e n t e d  i n  table  111. 
t h e  l o n g i t u d i n a l  dynamics a t  speeds  o f  40 ,  60,  and 80 k n o t s ,  and i n d i c a t e s  a 
pure d i v e r g e n t  l o n g i t u d i n a l  mode. 
a time t o  double  a m p l i t u d e  less t h a n  3 seconds.  T h i s  mode r e s u l t s  p r i m a r i l y  
from the  s t a t i c  i n s t a b i l i t i e s  o f  t h e  basic a i rc raf t  w i t h  r e s p e c t  t o  bo th  a n g l e  
of a t tack  and speed.  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  a c c o r d i n g  t o  t h e  l o n g i t u d i -  
n a l  dynamic s t a b i l i t y  c r i t e r i a  from r e f e r e n c e  6 ,  a p o s i t i v e  real  r o o t  w i t h  a 
v a l u e  o f  more t h a n  0.15 (time t o  double  ampl i tude  o f  a p p r o x i m a t e l y - 5  seconds o r  
less) i s  cons ide red  t o  be u n a c c e p t a b l e .  

These r o o t s  are 
It can  be  seen  t h a t  a n  u n s t a b l e  real  r o o t  e x i s t s  f o r  

T h i s  r o o t  r e p r e s e n t s  a r a p i d  d ive rgence  w i t h  

A t t i t u d e  SAS svstem.-  The a t t i t u d e  SAS system was implemented i n  t h e  same 
way. as t h e  ra te  SAS sys t em,  excep t  t h a t  a t t i t u d e  feedback s i g n a l s  were a l s o  
i n c l u d e d  i n  p i t c h  and roll. The c o n t r o l  s e n s i t i v i t i e s  and r a t e  damping charac- 
t e r i s t i c s  were kep t  t h e  same as t h o s e  f o r  t h e  rate SAS system. For b o t h  t h e  
a t t i t u d e  SAS system and t h e  ra te  SAS system, t h e  yaw modes were i d e n t i c a l .  The 
a t t i t u d e  SAS g a i n s ,  l i s t e d  i n  t ab le  I ,  were a l s o  e s t a b l i s h e d  accord ing  t o  p i l o t  
p r e f e r e n c e  d u r i n g  a ser ies  o f  p r e l i m i n a r y  f l i g h t s .  
f o r  t h e  -augmented a i rc raf t  are  p r e s e n t e d  i n  t a b l e  11, whereas the  character is t ic  
r o o t s  of t h e  augmented a i r c ra f t  are p r e s e n t e d  i n  t a b l e  111. 

The s t a b i l i t y  d e r i v a t i v e s  

A t t i t u d e  CAS svstem.- The a t t i t u d e  CAS c o n f i g u r a t i o n  was implemented by 
means of a high-gain model-following c o n t r o l  t e c h n i q u e  which i s  d e s c r i b e d  i n  
de t a i l  i n  t h e  appendix.  T h i s  c o n t r o l  t e c h n i q u e ,  i n  c o n t r a s t  t o  t h e  r e s p o n s e  
feedback method, e f f e c t i v e l y  suppres sed  t h e  s t a b i l i t y  charac te r i s t ics  o f  t h e  
basic a i r c ra f t  and h e a v i l y  suppres sed  t h e  r e s p o n s e  o f  t h e  a i r c ra f t  t o  g u s t s  
f o r  t h e  a n g u l a r  degrees o f  freedom. The a t t i t u d e  CAS c o n f i g u r a t i o n  r e p r e s e n t e d  
t h e  same c o n t r o l  concept  which had been employed p r e v i o u s l y  i n  t h e  i n v e s t i g a t i o n s  
r e p o r t e d  i n  r e f e r e n c e s  1 and 2. P i t c h  and r o l l  a t t i t u d e  were commanded by t h e  
p o s i t i o n  o f  t h e  p i l o t ' s  c o n t r o l  s t i c k .  I n  yaw, t h e  p l l o t  cou ld  se lec t  e i t h e r  
a tu rn - fo l lowing  o r  a heading-hold mode. I n  t h e  t u r n - f o l l o w i n g  mode, au tomat i c  
t u r n  c o o r d i n a t i o n  was p rov ided .  I n  t h e  heading-hold mode, magnet ic  heading was 
a u t o m a t i c a l l y  ma in ta ined  when t h e  p e d a l  i n p u t  was w i t h i n  a small deadband r e g i o n .  
O u t s i d e  o f  t h a t  deadband, t h e  p i l o t  i n p u t  commanded t u r n  ra te .  The c o n t r o l  
r e sponse  character is t ics  f o r  t h e  a t t i t u d e  CAS system are p r e s e n t e d  i n  t a b l e  I V .  

C o n t r o l l e r  Character is t ics  

The f o r c e - f e e l  c h a r a c t e r i s t i c s  o f  t h e  e v a l u a t i o n  p i l o t ' s  c o n t r o l s  are 
d e s c r i b e d  i n  t h i s  s e c t i o n .  One s e t  o f  charac te r i s t ics  was used f o r  each c o n t r o l  
system. L i n e a r  f o r c e  g r a d i e n t s  of  1.8 N / c m  (1 l b / i n . )  were provided i n  p i t c h  
and r o l l  and 8.8 N / c m  ( 5  l b / i n . )  i n  yaw; t h e  b reakou t  f o r c e s  were n e g l i g i b l e .  
A l so ,  t h e  c e n t e r  s t i c k  and p e d a l s  cou ld  be force-trimmed by means o f  beeper 
switches.  Dashpots were added t o  t h e  c e n t e r  s t i c k  f o r  p i t c h  and roll and 
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r e s u l t e d  i n  a damping r a t i o  of approx ima te ly  0.7 f o r  t h e  unforced s t i c k  r e s p o n s e .  
The p i l o t s  commented t h a t  t h i s  m o d i f i c a t i o n  t o  t h e  fee l  system r e s u l t e d  i n  a 
ve ry  s i g n i f i c a n t  c o n t r o l  syst'em improvement as compared w i t h  t h e  feel  system 
used i n  p r e v i o u s  i n v e s t i g a t i o n s  where t h e  c e n t e r  s t i c k  had a lmos t  no damping. 
L a s t l y ,  t h e  e v a l u a t i o n  p i l o t ' s  c o l l e c t i v e  s t i c k  was provided w i t h  a n  ad j u s t a . b l e  
f r i c t i o n  d e v i c e .  

DISPLAY SYSTEM 

The two d i s p l a y  c o n f i g u r a t i o n s  which were used f o r  e v a l u a t i o n  pu rposes  are 
r e f e r r e d  t o  h e r e i n  as t h e  f l i g h t  d i r e c t o r  and t h e  s i t u a t i o n - o n l y  d i s p l a y  conf ig -  
u r a t i o n s .  The f l i g h t  d i r e c t o r  d i s p l a y  c o n f i g u r a t i o n  was i d e n t i c a l  t o  t h e  d i s -  
p l a y  c o n f i g u r a t i o n  which had been used i n  p rev ious  i n v e s t i g a t i o n s  ( r e f s .  1 and 
2 ) .  The s i t u a t i o n - o n l y  d i s p l a y  c o n f i g u r a t i o n  was t h e  same, e x c e p t  t h a t  t h e  
t h r e e  f l i g h t  d i r e c t o r  commands on t h e  a t t i t u d e  d i r e c t o r  i n d i c a t o r  were d r i v e n  
o u t  of view. A s  p o i n t e d  o u t  e a r l i e r ,  t h e  onboard ana log  computers were used t o  
d r i v e  t h e  primary d i s p l a y  i n d i c a t o r s  - t h e  a t t i t u d e  d i r e c t o r '  i n d i c a t o r  and t h e  
h o r i z o n t a l  s i t u a t i o n  d i s p l a y .  Each of t h e s e  is d e s c r i b e d  i n  t h e  f o l l o w i n g  
s e c t i o n s .  

A t t i t u d e  D i r e c t o r  I n d i c a t o r  

The a t t i t u d e  d i r e c t o r  i n d i c a t o r  i s  shown i n  d e t a i l  i n  f i g u r e  3. The p i t c h  
command was used t o  m a i n t a i n  r ange  ra te  o r  speed;  t h e  r o l l  command, c r o s s  r ange ;  
and t h e  c o l l e c t i v e  command, a l t i t u d e .  The nominal r a n g e - r a t e  and a l t i t u d e  pro- 
f i l e s ,  which.were f u n c t i o n s  o f  r a n g e ,  are p r e s e n t e d  i n  f i g u r e  4 .  The range- 
ra te  p r o f i l e  caused t h e  h e l i c o p t e r  t o  come t o  a hover from a n  i n i t i a l  speed o f  
50 k n o t s .  The d e c e l e r a t i o n  ra te  v a r i e d  from approx ima te ly  0.08g a t  t h e  begin- 
ning of  t h e  d e c e l e r a t i o n  t o  approx ima te ly  0.04g a t  t h e  end. Th i s  d e c e l e r a t i o n  
p r o f i l e  nominally r e q u i r e d  a c o n s t a n t  h e l i c o p t e r  p i t c h  a t t i t u d e  l o  above t h a t  
f o r  hove r ,  f o r  a no-wind c o n d i t i o n .  The a l t i t u d e  p r o f i l e  f e a t u r e d  a 6 O  g l i d e  
s l o p e  t o  a 15.2-m ( 5 0 - f t )  a l t i t u d e  a t  t he  hover p o i n t .  The f l i g h t  d i r e c t o r  con- 
t r o l  laws are shown i n  b lock  diagram form i n  f i g u r e  5. The f l i g h t  d i r e c t o r  sys-  
t e m ,  when compared w i t h  t h a t  used f o r  p r e v i o u s  i n v e s t i g a t i o n s  ( refs .  1 and 21, 
f e a t u r e d  somewhat lower g a i n s  and a m i l d e r  d e c e l e r a t i o n  p r o f i l e .  "Fly-to" sens-  
i n g  was employed f o r  each of t h e  commands; f o r  example,  t h e  p i t c h  command b a r  
was deflected upward f o r  a pi tch-up command. Th i s  t y p e  o f  s e n s i n g  h a s  been con- 
s i s t e n t l y  p r e f e r r e d  by p i l o t s  who have p a r t i c i p a t e d  i n  p r e v i o u s  h e l i c o p t e r  
c o n t r o l - d i s p l a y  i n v e s t i g a t i o n s  a t  t h e  Langley Research Cen te r  ( f o r  example,  
re fs .  1 and 2 ) .  

The a l t i t u d e  e r r o r  and c ross - r ange  e r r o r  i n d i c a t o r s ,  shown a l s o  i n  f i gu re  3 ,  
had f u l l - s c a l e  v a l u e s  o f  230 .5  m (+IO0 f t )  and k45.7 m (2150 f t )  , r e s p e c t i v e l y .  
The r i s i n g  runway symbol ( f i g .  3 )  d i s p l a y e d  a l t i t u d e s  from 30.5 m (100 f t )  t o  
touchdown. 
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H o r i z o n t a l  S i t u a t i o n  Di sp lay  

The h o r i z o n t a l  s i t u a t i o n  d i s p l a y ,  shown i n  f i g u r e  6 ,  provided heading,  
r a n g e ,  and c ross - r ange  i n f o r m a t i o n .  Although two head ing  d i s p l a y  modes were 
a v a i l a b l e ,  a north-up mode and a heading-up mode, t h e  p i l o t s  had a s t r o n g  pref- 
e r e n c e  f o r  t h e  heading-up mode and used i t  e x c l u s i v e l y .  T h i s  mode was a n  
I1inside-outf1 mode where t h e  a i r c ra f t  heading cou ld  be read a t  t h e  t o p  o f  t h e  
d i s p l a y  and where crab a n g l e  was i n d i c a t e d  by t h e  a n g l e  between t h e  runway head- 
i n g  and a l i n e  extended th rough  t h e  f i x e d  a i r c ra f t  symbol. 

Range and c ross - r ange  i n f o r m a t i o n  were i n d i c a t e d  by t h e  p o s i t i o n  o f  a 
moving runway r e l a t i v e  t o  t h e  f i x e d  a i r c ra f t  symbol. 
f igure 7 ,  were used t o  p r o v i d e  a symbolic runway a t  three d i f f e r e n c e  scales - 
120 m / c m  (1000 f t / i n . ) ,  40 m / c m  (333 f t / i n . ) ,  and 12 m / c m  (100 f t / i n . ) .  
matic swi t ch ing  between char ts  occur red  a t  r a n g e s  o f  1830 m (6000 f t )  and 610 m 

Three char t s ,  shown i n  

Auto- 

(2000 f t ) .  

CONDUCT OF THE TEST 

Task D e s c r i p t i o n  

The fo l lowing  p rocedure  descr ibes  t h e  approach t a s k  which was used f o r  eva l -  
u a t i o n  purposes .  C o n t r o l  o f  t h e  a i r c ra f t  was t r a n s f e r r e d  t o  t h e  e v a l u a t i o n  
p i l o t  w i t h  t h e  a i r c ra f t  headed outbound on t h e  approach c e n t e r  l i n e  p r i o r  t o  
r e a c h i n g  1220-m ( 4 0 0 0 - f t )  r ange .  A t  t h e  time o f  c o n t r o l  t r a n s f e r ,  t h e  a i r c ra f t  
was e i t h e r  i n  l e v e l  f l i g h t  o r  i n  a : s l i g h t  c l i m b  a t  a n  a l t i t u d e  o f  61 m (200 f t )  
o r  more, w i t h  an a i r speed  o f  approx ima te ly  50 k n o t s .  The e v a l u a t i o n  p i l o t  f o l -  
lowed t h e  runway c e n t e r  l i n e  outbound by u s i n g  t h e  h o r i z o n t a l  s i t u a t i o n  d i s p l a y .  
A t  1520-m (5000- f t )  r a n g e ,  t h e  a i r c r a f t  was t u r n e d  t o  i n t e r c e p t  and t r ack  a 
t e a r d r o p  p a t t e r n  ( d o t t e d  l i n e )  a l l  t h e  wag around and back t o  t h e  runway c e n t e r  
l i n e .  (See f i g .  7 . )  The r a d i u s  of t h e  c i r c u l a r  s e c t i o n  o f  t h i s  p a t t e r n  was 
760 m (2500 f t ) .  
( 8 0 0 - f t )  a l t i t u d e  and m a i n t a i n  a i r speed  a t  approx ima te ly  60 k n o t s .  For  t h e  
f l i g h t  d i r e c t o r  d i s p l a y  c o n f i g u r a t i o n ,  t h e  commands were t u r n e d  on once t h e  run- 
way c e n t e r  l i n e  had been i n t e r c e p t e d .  The p i t c h  and roll commands were u s a b l e  
immediately,  but t h e  c o l l e c t i v e  cominand was n o t  u s a b l e  u n t i l  t h e  g l i d e  s l o p e  was 
i n t e r c e p t e d  a t  a r ange  o f  about  2130 m ('7000 f t ) .  Fo r  t h e  s i t u a t i o n - o n l y  d i s -  
p l a y  c o n f i g u r a t i o n ,  f l i g h t  d i r e c t o r  commands were n o t  d i s p l a y e d .  I n  e i t h e r  case,  
t he  task was t h e  same - t o  f l y  t h e  a i r c ra f t  a l o n g  t h e  p r e s c r i b e d  f l i g h t  p a t h  t o  
a s t a b i l i z e d  hover ove r  t he  pad .  The p i l o t s  were each i n s t r u c t e d  t o  m a i n t a i n  a 
l e v e l  o f  performance c o n s i s t e n t  w i t h  a r e a l i s t i c  o p e r a t i o n a l  environment.  

During t h i s  t ime,  t h e  p i l o t  was t o  f l y  t h e  a i r c ra f t  t o  244-m 

Test Cond i t ions  

P i l o t  e v a l u a t i o n s  were o b t a i n e d  f o r  s i x  c o n t r o l - d i s p l a y  c o n f i g u r a t i o n s ,  
formed by combining each o f  t h e  t h ree  c o n t r o l  system v a r i a t i o n s  w i t h  each o f  t h e  
two d i s p l a y  system v a r i a t i o n s .  These c o n f i g u r a t i o n s  are shown i n  m a t r i x  form i n  
f i g u r e  8. 
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The f l i g h t  i n v e s t i g a t i o n  was conducted wi th .  two e v a l u a t i o n  p i l o t s  who were 
g iven  approx ima te ly  e q u a l  amounts o f  time w i t h  each c o n f i g u r a t i o n .  Both were 
h e l i c o p t e r ,  as w e l l  as f ixed-wing,  p i l o t s ,  and each had e x t e n s i v e  i n s t r u m e n t  
f l i g h t  e x p e r i e n c e  i n  fixed-wing a i r c ra f t .  I n  a d d i t i o n ,  one o f  t h e  p i l o t s  was 
fo rmer ly  a Navy a n t i s u b m a r i n e  warfare ( A S K )  h e l i c o p t e r  p i l o t .  Both p i l o t s  had 
p a r t i c i p a t e d  i n  a v a r i e t y  o f  i n s t r u m e n t  f l i g h t  r e s e a r c h  p r o j e c t s  a t  NASA involv-  
i n g  h e l i c o p t e r s ,  V/STOL a i r c r a f t ,  and fixed-wing a i r c ra f t .  

The p i l o t  e v a l u a t i o n s  were o b t a i n e d  ove r  a 3-week p e r i o d  d u r i n g  which 
I3 f l i g h t s  were conducted.  For t h e  first series o f  f l i g h t s ,  t h e  v a r i a t i o n s  i n  
c o n t r o l s  and d i s p l a y s  proceeded i n  t h e  o r d e r  o f  i n c r e a s i n g  s o p h i s t i c a t i o n  ( t h a t  
is ,  I ,  11, 111, e t c . ) ,  and t h e n  t h i s  o r d e r  was r e v e r s e d  f o r  t h e  l a s t  ser ies  o f  
tests. The first two f l i g h t s  were devoted mos t ly  t o  p i l o t  f a m i l i a r i z a t i o n  wi th  
t h e  ra te  SAS c o n t r o l  system c o n f i g u r a t i o n s .  G e n e r a l l y ,  however,  a f l i g h t  con- 
s i s t e d  o f  two o r  th ree  approaches  f o r  each o f  e i t h e r  two, t h r e e ,  o r  f o u r  c o n t r o l -  
d i s p l a y  c o n f i g u r a t i o n s .  After eve ry  f l i g h t  o r  two, t h e  o t h e r  e v a l u a t i o n  p i l o t  
would r e p e a t  t h e  same se t  o f  t e s t  c o n d i t i o n s .  Over t h e  c o u r s e  o f  t h e  f l i g h t  
i n v e s t i g a t i o n ,  each p i l o t  f l e w  a minimum o f  s i x  approaches  f o r  each c o n t r o l -  
d i s p l a y  c o n f i g u r a t i o n .  

A v a r i e t y  o f  wind c o n d i t i o n s  were encoun te red  d u r i n g  t h e  f l i g h t - t e s t  program. 
The wind magnitude and d i r e c t i o n  are p r e s e n t e d  f o r  each f l i g h t  i n  t a b l e  V .  It 
can be seen t h a t  f o r  a number o f  f l i g h t s ,  s t r o n g  c r o s s  winds and /o r  t a i l  winds 
were p r e s e n t .  

RESULTS AND DISCUSSION 

Performance 

ADDr0aCheS.- Composite p l o t s  o f  r ange  r a t e ,  a l t i t u d e ,  and c r o s s  range 
a g a i n s t  r ange  f o r  each c o n t r o l - d i s p l a y  c o n f i g u r a t i o n  are p r e s e n t e d  i n  f i g u r e  9 .  
It can be seen t h a t  t h e  approach performance achieved was l a r g e l y  independent  o f  
t h e  c o n t r o l  system v a r i a t i o n s  and was c o n s i d e r a b l y  b e t t e r  w i t h  t h e  f l i g h t  d i r e c -  
t o r  d i s p l a y  than  w i t h  t h e  s i t u a t i o n - o n l y  d i s p l a y .  Although t h e  a l t i t u d e  and 
c ross - r ange  t r a c k i n g  e r r o r s  were c o n s i d e r a b l y  l a r g e r  w i t h  t h e  s i t u a t i o n - o n l y  
d i s p l a y  c o n f i g u r a t i o n ,  i t  should be noted t h a t  t h e  p i l o t s  c o n s i d e r e d  t h i s  pe r -  
formance t o  be adequa te .  

D e c e l e r a t i o n  and hover.-  The p l o t s  o f  range r a t e  a g a i n s t  r ange  f o r  t h e  
s i t u a t i o n - o n l y  d i s p l a y  c o n f i g u r a t i o n s  r e f l ec t  i n c o n s i s t e n t  performance f o r  t h e  
d e c e l e r a t i o n  and hover p a r t  o f  t h e  t a s k .  Because o f  p a r t i c u l a r  i n t e r e s t  i n  t h e  
a b i l i t y  t o  hove r ,  a l i m i t e d  number o f  s p e c i a l  hove r ing  tests were a l s o  conducted.  
For these tests,  t h e  t a s k  was s imply  t o  ma in ta in  a hover o v e r  t h e  pad a t  a con- 
s t a n t  a l t i t u d e  o f  15 m (50 f t ) .  Only t h e  a t t i t u d e  CAS c o n t r o l  system was used 
i n  t h e s e  t es t s .  The t a s k  began w i t h  t h e  h e l i c o p t e r  a l r e a d y  i n  a hover  ove r  t h e  
pad. A t  f irst,  t h e  e v a l u a t i o n  p i l o t  was provided t h e  f l i g h t  d i r e c t o r  d i s p l a y ;  
t h e n ,  a f te r  about 1 minu te ,  t h e  f l i g h t  d i r e c t o r  cominands were removed. The hov- 
e r i n g  performance w i t h  each  o f  t h e s e  d i s p l a y s  i s  shown i n  f i g u r e  I O .  The air- 
c ra f t  could be k e p t  w i t h i n  7.6 m (25 f t )  o f  t h e  c e n t e r  o f  t h e  pad i n d e f i n i t e l y  
w i t h  t h e  f l i g h t  d i r e c t o r  d i s p l a y ,  b u t  once t h e  f l i g h t  d i r e c t o r  command informa- 
t i o n  w a s  removed, t h e  a i r c ra f t  began t o  s lowly  d i v e r g e ,  i n  an o s c i l l a t o r y  manner,  
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from t h e  d e s i r e d  p o s i t i o n .  The l e n g t h  o f  time f o r  each o f  t h e  r u n s ,  after the  
f l i g h t  d i r e c t o r  commands were removed, i s  i n d i c a t e d  i n  t h e  f i g u r e .  

P i l o t  Technique 

A D D r 0 a C h e S . -  Two n o t a b l y  d i f f e r e n t  p i l o t i n g  t e c h n i q u e s  r e s u l t e d  for t h e  two 
d i s p l a y  v a r i a t i o n s .  With t h e  f l i g h t  d i r e c t o r  d i s p l a y ,  t h e  p i l o t s  would con t inu -  
a l l y  make small changes i n  a t t i t u d e  o r  c o l l e c t i v e  as t h e y  fo l lowed  t h e  command 
n e e d l e s .  With the  s i t u a t i o n - o n l y  d i s p l a y ,  however, t h e  p i l o t s  used what t h e y  
d e s c r i b e d  as a llbang-bangll c o n t r o l  t e c h n i q u e .  For example,  t h e y  would normally 
m a i n t a i n  a wings- level  roll a t t i t u d e ,  b u t ,  whenever t h e  c ros s - r ange  e r r o r  and /o r  
heading d e v i a t i o n  b u i l t  up,  t h e  p i l o t s  would t h e n  m a i n t a i n  a c o n s t a n t  roll a t t i -  
tude  o f ,  f o r  example,  from 3 O  t o  5' u n t i l  t h e  s i t u a t i o n  was c o r r e c t e d .  A t  t h a t  
t i m e ,  t h e  normal wings - l eve l  roll a t t i t u d e  would be  resumed. The same k ind  of 
t e c h n i q u e  was used t o  c o n t r o l  a i r s p e e d  by u s i n g  p i t c h  a t t i t u d e  and t o  c o n t r o l  
a l t i t u d e  by u s i n g  v e r t i c a l  speed ( v i a  c o l l e c t i v e  i n p u t s ) .  T h i s  bang-bang con- 
t r o l  t echn ique  was d e f i n i t e l y  a s i n g l e - a x i s  t y p e  o f  c o n t r o l  t e c h n i q u e  which gen- 
e r a l l y  was u s e f u l  o n l y  f o r  making c o r r e c t i o n s  one a t  a time. 

D e c e l e r a t i o n  and hove_r.- The p reced ing  d i s c u s s i o n  a p p l i e s  as well t o  t h e  
t a s k  o f  d e c e l e r a t i n g  t o ,  and m a i n t a i n i n g ,  a hover .  T h i s  t a s k  was c o n s i d e r a b l y  
more demanding, p r i m a r i l y  because t h e  range rate needed t o  be  c o n t r o l l e d  as a 
f u n c t i o n  of r ange  f o r  t h e  d e c e l e r a t i o n ,  and p o s i t i o n  as wel l  as v e l o c i t y  had 
t o  be maintained i n  t h e  hove r .  With t h e  s i t u a t i o n - o n l y  d i s p l a y ,  t h e  fo l lowing  
i n f o r m a t i o n  was a v a i l a b l e :  p i t c h  a t t i t u d e ,  i n d i c a t e d  airspeed (which  was u s a b l e  
down t o  an airspeed o f  abou t  30 k n o t s ) ,  and r ange  i n f o r m a t i o n  v i a  t h e  h o r i z o n t a l  
s i t u a t i o n  d i s p l a y .  And, w i t h  t h e  f i n e - s c a l e  c h a r t ,  t h e  r a t e  o f  movement o f  t h e  
runway symbol provided a u s e f u l  r a n g e - r a t e  c u e .  Although t h e  bang-bang c o n t r o l  
t e c h n i q u e  was s u r p r i s i n g l y  e f f e c t i v e ,  i n  many i n s t a n c e s ,  i n  b r i n g i n g  t h e  h e l i -  
c o p t e r  c l o s e  t o  a hover  n e a r  t h e  pad,  a hover cou ld  n o t ,  i n  f a c t ,  be ma in ta ined .  
The s i n g l e - a x i s  n a t u r e  o f  t h e  p i l o t ' s  c o n t r o l  t e c h n i q u e  was r e v e a l e d  spectacu- 
l a r l y  i n  one o f  t h e  hover  t e s t s  i n  which t h e  h e l i c o p t e r  c l imbed t o  an a l t i t u d e  
ove r  180 m (600 f t )  w h i l e  t h e ' p i l o t  was c o n c e n t r a t i n g  on c o n t r o l l i n g  h o r i z o n t a l  
p o s i t i o n .  

Curved-Dath-tracking.-  A s  descr ibed  i n  a p r e v i o u s  s e c t i o n ,  t h e  p r e l i m i n a r y  
p a r t  o f  t h e  approach t a s k  invo lved  t h e  t r a c k i n g  o f  a t e a r d r o p  p a t t e r n  by means 
o f  t h e  h o s i z o n t a l  s i t u a t i o n  d i s p l a y .  F l i g h t  d i r e c t o r  commands were n o t  provided 
f o r  t h i s  t a s k .  I n t e r e s t i n g l y ,  t h e  t e c h n i q u e  which t h e  p i l o t s  preferred t o  use  
was no t  t o  hold a c o n s t a n t  bank a n g l e ,  bu t  ra ther  t o  f l y  a ser ies  o f  head ings  
t a n g e n t i a l  t o  t h e  desired p a t h .  
bank a n g l e  of  7' would have been r e q u i r e d  t o  s t a y  on t h e  c i r c u l a r  s e c t i o n  o f  t h e  
curved p a t h . )  With t h e  h o r i z o n t a l  s i t u a t i o n  d i s p l a y ,  t h e  p i l o t s  always knew t h e  
a i rc raf t  p o s i t i o n  and heading r e l a t i v e  t o  t h e  d e s i r e d  p a t h ;  t h u s ,  curved-path 
t r a c k i n g  was accomplished r e l a t i v e l y  e a s i l y  w i t h  t h i s  c o n t r o l  t e c h n i q u e .  

( A t  a nominal speed  o f  60 k n o t s ,  a c o n s t a n t  

Summary o f  P i l o t  Comments 

Con t ro l s . -  With t he  rate SAS c o n t r o l  sys t em,  w i t h  e i t he r  d i s p l a y ,  i n s t r u -  
ment f l i g h t  was p o s s i b l e  bu t  was n o t  c o n s i d e r e d  p r a c t i c a l .  The t endency  o f  t h e  
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aircraf t  t o  d i v e r g e  i n  p i t c h  was a problem even w i t h  t h e  l e v e l  of  a r t i f i c i a l  ra te  
damping t h a t  was provided.  So much a t t e n t i o n  was r e q u i r e d  t o  m a i n t a i n  b a s i c .  
a t t i t u d e  c o n t r o l  t h a t  n o t  enough t i m e  could be s p e n t  on t h e  approach t r a c k i n g  
t a s k .  The p i l o t  i n d i c a t e d  t h a t  h i s  workload was a t  100 p e r c e n t  w i t h  t h e  ra te  
SAS c o n t r o l  sytem w i t h  e i t h e r  d i s p l a y .  On one approach,  w h i l e  t h e  p i l o t  was con- 
c e n t r a t i n g  on c a p t u r i n g  t h e  runway center l i n e ,  t h e  p i t c h  a t t i t u d e  d ive rged  t o  
30' noseup b e f o r e  a r e c o v e r y  cou ld  be made. 
e r r o r s  would r e s u l t  from p i t c h - a t t i t u d e  e x c u r s i o n s ,  t h e  p i t c h  d i v e r g e n c e  tended 
t o  make t h e  t r a c k i n g  t a s k  e s p e c i a l l y  d i f f i c u l t .  

S i n c e  b o t h  a i r s p e e d  and a l t i t u d e  

The a t t i t u d e  SAS c o n t r o l  system was a v a s t  improvement o v e r  ra te  SAS. With 
a t t i t u d e  s t a b i l i t y ,  t h e  a i rc raf t  could be trimmed f o r  hands-off f l i g h t .  Some 
a t t e n t i o n  was s t i l l  r e q u i r e d  f o r  p r e c i s e  a t t i t u d e  c o n t r o l ,  s ince t r i m  changes 
were n o t i c e a b l e  w i t h  power and a t t i t u d e  changes i n  r e s p o n s e  t o  g u s t  d i s t u r b a n c e s  
were a p p a r e n t .  With a more r e l a x e d  a t t i t u d e  c o n t r o l  t a s k ,  t h e  p i l o t  w a s  a b l e  t o  
f u n c t i o n  more as a manager w i t h  r e g a r d  t o  t h e  t r a c k i n g  t a s k .  Enough time was 
now a v a i l a b l e  t o  a d e q u a t e l y  cross-check s i t u a t i o n  i n f o r m a t i o n .  For example, t h e  
p i l o t  was b e t t e r  a b l e  t o  r e c o g n i z e  a cross-wind s i t u a t i o n  and t o  e s t a b l i s h  t h e  
p rope r  c r a b  a n g l e ;  a l s o ,  he was a b l e  t o  r e c o g n i z e  t h e  combined effect  o f  p i t c h  
and c o l l e c t i v e  i n p u t s  on a i r s p e e d  and a l t i t u d e .  

Although t h e  a t t i t u d e  CAS c o n t r o l  system was a n  improvement o v e r  a t t i t u d e  
SAS, it was n o t  n e a r l y  as  much a n  improvement as a t t i t u d e  SAS compared w i t h  ra te  
SAS. The high-gain a t t i t u d e  CAS system masked t h e  b a s i c  a i r c r a f t  t r i m  c h a r a c t e r -  
i s t i c s  and e s s e n t i a l l y  e l i m i n a t e d  any a t t i t u d e  r e sponse  t o  g u s t  d i s t u r b a n c e s .  
These f e a t u r e s  r e s u l t e d  i n  a f u r t h e r  d e c r e a s e  i n  p i l o t  c o n t r o l  a c t i v i t y .  With 
t h e  f l i g h t  d i r e c t o r  d i s p l a y ,  t h i s  system r e s u l t e d  i n  a v e r y  low p i l o t  workload; 
t h e  p h y s i c a l  workload was s o  low t h a t  it was p o s s i b l e  t o  f l y  a n  e n t i r e  approach 
w i t h  t h e  t r i m  b u t t o n  on ly .  

The r e s i s t a n c e  o f  e a c h  o f  t h e  c o n t r o l  sys t ems  t o  e x t e r n a l  d i s t u r b a n c e s  was 
r e f l e c t e d  by t h e  f l i g h t  d i r e c t o r  d i s p l a y ,  as t h e  f l i g h t  d i r e c t o r  commands were 
n o t i c e a b l y  more a c t i v e  w i t h  t h e  l eas t  s o p h i s t i c a t e d  c o n t r o l  sys t ems .  For t h e  
ra te  SAS and a t t i t u d e  SAS sys t ems ,  t h i s  a c t i v i t y  caused t h e  p i l o t s  t o  be some- 
what r e l u c t a n t  i n  answering t h e  f l i g h t  d i r e c t o r  commands. With t h e  a t t i t u d e  CAS 
sys t em,  however, t h e  p i l o t s  d i d  n o t  h e s i t a t e  t o  answer t h e  commands. 

DisD1avs.-  The h o r i z o n t a l  s i t u a t i o n  d i s p l a y ,  which provided a i r c ra f t  r ange ,  
c r o s s  r a n g e ,  and heading i n f o r m a t i o n ,  w a s  g e n e r a l l y  c o n s i d e r e d  t o  be a v e r y  good 
s i t u a t i o n  d i s p l a y .  Although t h e  r a t e  o f  movement o f  t h e  runway symbol provided 
a u s e f u l  r a n g e - r a t e  cue f o r  t h e  d e c e l e r a t i o n ,  adequa te  v e l o c i t y  i n f o r m a t i o n  f o r  
hove r ing  cou ld  n o t  be d e r i v e d  from t h e  h o r i z o n t a l  s i t u a t i o n  d i s p l a y .  Also, t h e  
s w i t c h i n g  between cha r t s ,  which r e s u l t e d  i n  an a b r u p t  change i n  c h a r t  scale fac- 
t o r s ,  w a s  found t o  be somewhat d i s t r a c t i n g  when i t  o c c u r r e d .  A g r a d u a l  change 
i n  scale f a c t o r ,  which would have been p o s s i b l e  w i t h  a n  e l e c t r o n i c  d i s p l a y ,  
would have been p r e f e r r e d .  
f e r e n c e  between a i r c ra f t  heading and t h a t  o f  t h e  runway symbol,  one p i l o t  no ted  
t h a t ,  i n  a d d i t i o n ,  a runway head ing  r e f e r e n c e  mark on t h e  compass c a r d  would 
have f a c i l i t a t e d  a more p r e c i s e  d e t e r m i n a t i o n  o f  c r a b  a n g l e .  

L a s t l y ,  a l t h o u g h  c r a b  a n g l e  was a p p a r e n t  by t h e  d i f -  

The p i l o t s  commented t h a t  t h e y  made v e r y  l i t t l e  u s e  o f  t h e  c ros s - r ange  
e r r o r  i n d i c a t o r  on t h e  a t t i t u d e  d i r e c t o r  i n d i c a t o r  because t h e  same informa- 
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t i o n  was p resen ted  on t h e  h o r i z o n t a l  s i t u a t i o n  d i s p l a y  i n  a s u p e r i o r  way. Also,  
t h e  r i s i n g  runway symbol on t h e  a t t i t u d e  d i r e c t o r  i n d i c a t o r  was a l s o  r a r e l y  used 
i n  l i e u  o f  t h e  radar altimeter d i s p l a y .  T h i s  was p r i m a r i l y  because t h e  radar 
altimeter could be used d u r i n g  t h e  e n t i r e  approach ,  whereas  t h e  r i s i n g  runway 
symbol o n l y  appeared a f te r  t h e  a i r c ra f t  descended below 30.5 m (100 f t ) .  

Although t h e  same f l i g h t  d i r e c t o r  c o n t r o l  laws were used w i t h  each o f  t h e  
c o n t r o l  system v a r i a t i o n s ,  t h e  f l i g h t  d i r e c t o r  commands were found t o  be accep t -  
ab le  w i t h  each o f  t h e  c o n t r o l  systems.  

With t h e  f l i g h t  d i r e c t o r  d i s p l a y  and e i t h e r  a t t i t u d e  SAS o r  a t t i t u d e  CAS, 
t h e  p i l o t s  were able t o  mon i to r  and cross-check s i t u a t i o n  i n f o r m a t i o n  s u f f i -  
c i e n t l y .  And, w i t h  t h e s e  c o n t r o l  sys t ems ,  t h e  p i l o t s  commented t h a t  t h e y  were 
able t o  m a i n t a i n  abou t  t h e  same l e v e l  o f  awareness  o f  t h e  s i t u a t i o n  w i t h  t h e  
f l i g h t  d i r e c t o r  d i s p l a y  c o n f i g u r a t i o n  as t h e y  were w i t h  t h e  s i t u a t i o n - o n l y  
d i s p l a y .  

With t h e  rate SAS c o n t r o l  system, t h e  f l i g h t  d i r e c t o r  was found t o  be  par-  
t i c u l a r l y  u s e f u l  f o r  a t t i t u d e  c o n t r o l  as w e l l  as f o r  gu idance .  The f l i g h t  direc- 
t o r  provided a c c e p t a b l y  small a t t i t u d e  commands f o r  t h e  approach t r a c k i n g  t a s k ,  
and by s a t i s f y i n g  t h e s e  commands, t h e  p i l o t  was able  t o  m a i n t a i n  c o n t r o l  o f  a t t i -  
tude  as well. For t h e  ra te  SAS c o n t r o l  system, t h e  a d d i t i o n  o f  t h e  f l i g h t  direc- 
t o r  d i s p l a y  was a v a s t  improvement ove r  t h e  s i t u a t i o n - o n l y  d i s p l a y .  The small 
t r a c k i n g  e r r o r s  and m i l d  a t t i t u d e s  which r e s u l t e d  w i t h  t h e  f l i g h t  d i r e c t o r  d i s -  
p l a y  c o n f i g u r a t i o n  d i d  much t o  a l l e v i a t e  p i l o t  workload,  e s p e c i a l l y  apprehens ion ,  
w i t h  t h e  rate SAS c o n t r o l  system. Al so ,  when t h e  f l i g h t  d i r e c t o r  d i s p l a y  was 
used  w i t h  t h e  ra te  SAS c o n t r o l  system, t h e  p i l o t s  commented t h a t  more time could 
be devoted t o  s i t u a t i o n  i n f o r m a t i o n .  However, even though d e c e l e r a t i o n s  t o  
hover  cou ld  be c o n s i s t e n t l y  ach ieved  w i t h  t h e  r a t e  SAS and f l i g h t  d i r e c t o r  con- 
f i g u r a t i o n ,  t h e  p i l o t  s t i l l  had t o  c o n c e n t r a t e  t o o  much on a t t i t u d e  c o n t r o l  ( v i a  
t h e  f l i g h t  d i r e c t o r  commands as w e l l  as t h e  a t t i t u d e  i n d i c a t o r ) ,  and t h e  p i l o t  
workload was s t i l l  c o n s i d e r e d  t o  be unaccep tab ly  h i g h .  

The use o f  t h e  f l i g h t  d i r e c t o r  f o r  a t t i t u d e  c o n t r o l  was a l s o  i l l u s t r a t e d  
ve ry  unexpec ted ly  when l o s s  o f  a r t i f i c i a l  p i t c h - r a t e  damping occur red  d u r i n g  an 
approach w i t h  t h e  a t t i t u d e  SAS and f l i g h t  d i r e c t o r  c o n f i g u r a t i o n .  With a t t i t u d e  
s t i f f n e s s ,  but w i thou t  ra te  damping, t h e  p i t c h  r e s p o n s e  became q u i t e  under- 
damped and o s c i l l a t o r y .  However, by s imply keep ing  t h e  f l i g h t  d i r e c t o r  commands 
c e n t e r e d ,  a w e l l - c o n t r o l l e d ,  d e c e l e r a t i n g  approach t o  hover  was completed 
s u c c e s s f u l l y .  

A number of g e n e r a l  comments were o b t a i n e d  r e l a t i v e  t o  t h e  use  o f  t h e  
f l i g h t  d i r e c t o r  d i s p l a y  as  compared w i t h  t h e  s i t u a t i o n - o n l y  d i s p l a y .  A s  po in t ed  
o u t  e a r l i e r ,  t h e  p i l o t s  used c o n s i d e r a b l y  d i f f e r e n t  c o n t r o l  t e c h n i q u e s  w i t h  each 
o f  these  two d i s p l a y  c o n f i g u r a t i o n s .  Although i t  was recogn ized  t h a t  t he  
approach performance was bet ter  w i t h  t h e  f l i g h t  d i r e c t o r ,  t h e  p i l o t s  c o n s i d e r e d  
t h e  approach performance adequa te  w i t h  t h e  s i t u a t i o n - o n l y  d i s p l a y ,  exc lud ing  t h e  
d e c e l e r a t i o n  and hover t a s k .  The p i l o t s  l i k e d  t h e  f e a t u r e  o f  be ing  ab le  t o  make 
t h e  c o n t r o l  d e c i s i o n s  themse lves ,  when t h i s  was p o s s i b l e ,  w i t h  t h e  s i t u a t i o n -  
o n l y  d i s p l a y .  With t h e  f l i g h t  d i r e c t o r  d i s p l a y ,  however, t h e  f l i g h t  d i r e c t o r  
commands were found t o  be v e r y  compell ing and cou ld  n o t  be i g n o r e d ,  o r  even 
t r e a t e d  as secondary i n f o r m a t i o n .  A main drawback t o  t h e  s i t u a t i o n - o n l y  d i s p l a y  
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was t h a t  it was d i f f i c u l t  t o  make large,  s imul t aneous  c o r r e c t i o n s  which were 
sometimes n e c e s s a r y  d u r i n g  t h e  f i n a l  approach. On t h e  o t h e r  hand, w i t h  t h e  
f l i g h t  d i r e c t o r  d i s p l a y ,  large s imul t aneous  c o r r e c t i o n s  cou ld  be made wi thou t  
any d i f f i c u l t y .  

P i l o t  R a t i n g s  

Numerical p i l o t  r a t i n g s ,  based on t h e  r a t i n g  scale sugges t ed  i n  r e f e r e n c e  7 ,  
were o b t a i n e d  f o r  each o f  t h e  c o n t r o l - d i s p l a y  c o n f i g u r a t i o n s .  The p i l o t  r a t i n g s  
p r e s e n t e d  h e r e i n  were o b t a i n e d  by a v e r a g i n g  t h e  i n d i v i d u a l  p i l o t  r a t i n g s ,  which 
were s u b s t a n t i a l l y  i n  agreement .  These r a t i n g s  were o b t a i n e d  i n  o r d e r  t o  quan- 
t i f y  t h e  p i l o t  comments d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n .  It i s  emphasized 
t h a t  a number o f  complex, i n t e r r e l a t e d  f a c t o r s  were invo lved  i n  a r r i v i n g  a t  each 
of t h e s e  r a t i n g s .  I n  o r d e r  t o  s o r t  o u t  t h e  e f fec ts  o f  t h e  d e c e l e r a t i o n  and 
hover  p a r t  of t h e  t a s k ,  a second s e t  o f  p i l o t  r a t i n g s  was o b t a i n e d  f o r  t h e  
constant-speed p a r t  of t h e  approach t a s k  exc lud ing  t h e  d e c e l e r a t i o n  and hover.  

The p i l o t  r a t i n g s  t h a t  were o b t a i n e d  f o r  t h e  approach t a s k  i n c l u d i n g  t h e  
d e c e l e r a t i o n  and hover are  p r e s e n t e d  i n  f i g u r e  1 1 .  For t h i s  t a s k ,  a s u b s t a n t i a l  
d i f f e r e n c e  i n  p i l o t  r a t i n g s  was o b t a i n e d  w i t h  t h e  d i s p l a y  v a r i a t i o n s .  For a 
g iven  d i s p l a y ,  t h e  r a t e  SAS c o n t r o l  system was r a t e d  much lower t h a n  e i t h e r  t h e  
a t t i t u d e  SAS o r  t h e  a t t i t u d e  CAS c o n t r o l  system. The a t t i t u d e  SAS and a t t i t u d e  
CAS c o n f i g u r a t i o n s  were rated u n a c c e p t a b l e  w i t h  s i t u a t i o n  i n f o r m a t i o n  o n l y  
because t h e  t a s k  could n o t  be  completed.  With t h e  ra te  SAS and f l i g h t  d i r e c t o r  
c o n f i g u r a t i o n ,  a l t h o u g h  t h e  t a s k  cou ld  be  completed,  t h e  l e v e l  o f  p i l o t  work- 
l o a d  r e q u i r e d  was n o t  t o l e r a b l e .  

R a t i n g s  f o r  t h e  approach t a s k  exc lud ing  d e c e l e r a t i o n  and hover  are p re -  
s e n t e d  i n  f i g u r e  12.  All these r a t i n g s  show an improvement ove r  t h o s e  o b t a i n e d  
f o r  t h e  complete t a s k .  Note t h a t  w i t h  t h i s  t a s k ,  t h e r e  i s  r e l a t i v e l y  l i t t l e  
d i f f e r e n c e  w i t h  t h e  d i s p l a y  v a r i a t i o n s ,  excep t  f o r  r a t e  SAS. Here a g a i n ,  t h e  
f l i g h t  d i r e c t o r  commands were e s p e c i a l l y  h e l p f u l  w i t h  t h e  a t t i t u d e  c o n t r o l  t a s k .  

Ef fec t  o f  Adverse Winds 

With t h e  yaw c o n t r o l  sys t ems  employed f o r  e i t h e r  t h e  ra te  SAS, t h e  a t t i t u d e  
SAS, o r  t h e  a t t i t u d e  CAS/turn-following c o n f i g u r a t i o n s ,  t h e  a i r c ra f t  tended t o  
p o i n t  i n t o  t h e  wind. T h i s  tendency would normally be  d e s i r a b l e ,  o f  c o u r s e ,  bu t  
d e f i c i e n c i e s  i n  t h e  f l i g h t  d i r e c t o r  c o n t r o l  laws would have r e s u l t e d  i n  improper 
commands if t h e  a i rc raf t  were p e r m i t t e d  t o  head i n t o  a c r o s s  wind o r  a t a i l  
wind. ( S i n c e  t h e  p i t c h  and r o l l  f l i g h t  d i r e c t o r  commands were n o t  r e s o l v e d  
as  a f u n c t i o n  of head ing ,  t h e s e  commands were v a l i d  o n l y  when t h e  a i rcraf t  head- 
i n g  was w i t h i n  approx ima te ly  30' o f  t h e  runway head ing .  ) I n  t h e  p resence  o f  a 
c r o s s  wind o r  t a i l  wind, when t h e  p i l o t  t r i e d  t o  keep t h e  a i r c ra f t  heading l i n e d  
up w i t h  t h e  runway head ing ,  h i s  workload became v e r y  h i g h  because o f  t h e  add i -  
t i o n a l  c o n t r o l  t a s k .  Fu r the rmore ,  i n  t h e  case o f  a c r o s s  wind, w i t h  t h e  air- 
craft  banked i n t o  t h e  wind, t h e  r e s u l t i n g  s i d e  f o r c e  would induce  p i l o t  v e r t i g o  
and was found t o  .be i n t o l e r a b l e  f o r  bank a n g l e s  of  5' o r  more. 
heading-hold f e a t u r e  r e l i e v e d  t h e  t a s k  of m a i n t a i n i n g  head ing ,  b u t  s t i l l  
s u f f e r e d  t h e  same bank-angle l i m i t a t i o n  from t h e  s t a n d p o i n t  o f  p i l o t  v e r t i g o .  

The a t t i t u d e  CAS 
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CONCLUSIONS 

A f l i g h t  i n v e s t i g a t i o n  was conducted w i t h  a v a r i a b l e  s t a b i l i t y  h e l i c o p t e r  
t o  de t e rmine  t h e  effects  o f  g r o s s  v a r i a t i o n s  i n  c o n t r o l s  and d i s p l a y s  on h e l i -  
c o p t e r  i n s t r u m e n t  approach capabi l i t i es .  On t h e  basis o f  t h a t  i n v e s t i g a t i o n ,  
the fo l lowing  c o n c l u s i o n s  are drawn : 

1 .  Regardless o f  t a s k  o r  d i s p l a y  c o n f i g u r a t i o n ,  t h e  a t t i t u d e  s t a b i l i t y  aug- 
mentat ion system (SAS) c o n t r o l  system was a v a s t  improvement compared w i t h  ra te  
SAS, p r i m a r i l y  because t h e  a i r c ra f t / r a t e  SAS system had a d i v e r g e n t  p i t c h  
r e s p o n s e .  With rate SAS, t h e  p i l o t  was so invo lved  w i t h  c o n t r o l l i n g  a t t i t u d e  
t h a t  t r a c k i n g  o f  c e n t e r  l i n e  and g l ide  s l o p e  was c o n s i d e r e d  a t a s k  o f  secondary 
importance.  With a t t i t u d e  s t a b i l i z a t i o n ,  t h e  p i l o t  was r e l i e v e d  enough from t h e  
basic a t t i t u d e  c o n t r o l  t a s k  t h a t  he  was able t o  spend much more time on t h e  
t r a c k i n g  t a s k  and be more o f  a manager. 

2. It was n o t  p o s s i b l e  t o  decelerate t o  a hover  i n  a c o n s i s t e n t  manner, 
regardless o f  t h e  c o n t r o l  system employed, w i t h  s i t u a t i o n  i n f o r m a t i o n  on ly .  
The d e c e l e r a t i o n  and hover  p a r t  o f  t h e  t a s k  was u n a c c e p t a b l e  w i t h o u t  command 
i n f o r m a t i o n .  

3. With s i t u a t i o n  i n f o r m a t i o n  o n l y ,  t h e  cons t an t - speed  p a r t  o f  t h e  approach 
t a sk  cou ld  be  performed s a t i s f a c t o r i l y  w i t h  e i t h e r  t h e  a t t i t u d e  SAS o r  t h e  a t t i -  
t u d e  c o n t r o l  augmentat ion system ( C A S ) .  k i t h  r a t e  SAS, t h e  p i l o t  workload was 
so  h igh  t h a t  t h i s  c o n f i g u r a t i o n  was c o n s i d e r e d  t o  be u n a c c e p t a b l e .  

4.  Command i n f o r m a t i o n  was e s p e c i a l l y  u s e f u l  w i t h  t h e  ra te  SAS c o n t r o l  sys-  
tem because t h e  t a s k  of c o n t r o l l i n g  a t t i t u d e ,  as w e l l  as the  approach t r a c k i n g  
task ,  was accomplished by c e n t e r i n g  t h e  f l i g h t  d i r e c t o r  commands. N e v e r t h e l e s s ,  
t h e  lack o f  a t t i t u d e  s t a b i l i t y  r e s u l t e d  i n  a h i g h  p i l o t  workload,  as  any a d d i -  
t i o n a l  t ask  o r  d i s t r a c t i o n  beyond c e n t e r i n g  t h e  f l i g h t  d i r e c t o r  commands and 
mon i to r ing  s i t u a t i o n  i n f o r m a t i o n  would have p e r m i t t e d  p i t c h  a t t i t u d e  t o  d i v e r g e .  

5 .  The use  o f  a t t i t u d e  CAS i n s t e a d  o f  a t t i t u d e  SAS r e s u l t e d  i n  some improve- 
ment i n  lowering c o n t r o l  a c t i v i t y ,  b u t  was n o t  n e a r l y  as  much a n  improvement as 
a t t i t u d e  SAS compared . w i t h  r a t e  SAS. 
character is t ics ,  as  wel l  as l i g h t  t o  moderate t u r b u l e n c e  which was encountered 
d u r i n g  s e v e r a l  o f  t h e  f l i g h t s ,  were f a c t o r s  which c o n t r i b u t e d  t o  t h e  p i l o t s  
a p p r e c i a t i o n  of d i f f e r e n c e s  between a t t i t u d e  SAS and a t t i t u d e  CAS.  

Basic a i r c r a f t  c ros s -coup l ing  and t r i m  

Langley Research C e n t e r  
N a t i o n a l  Aeronau t i c s  and Space A d m i n i s t r a t i o n  
Hampton, VA 23665 
December 2 ,  1976 
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APPENDIX 

CONTROL AUGMENTATION SYSTEM IMPLEMENTATION 

The model-following c o n t r o l  system used f o r  p i t c h  and r o l l  i s  shown i n  f ig- 
u r e  13. The model r e s p o n s e  ( i n c l u d i n g  a n g u l a r  a c c e l e r a t i o n ,  a n g u l a r  r a t e ,  and 
a t t i t u d e )  was computed on t h e  b a s i s  o f  t h e  p i l o t ' s  c o n t r o l  i n p u t  on ly .  
i n h e r e n t  a n g u l a r  ra te  damping c h a r a c t e r i s t i c s  o f  t h e  b a s i c  a i r c ra f t  were approx- 
i m a t e l y  cance led  by an u n s t a b l e  r a t e -gy ro  feedback term. T h i s  c a n c e l l a t i o n  was 
done t o  p rov ide  an approx ima te ly  n e u t r a l  system t o  s i m p l i f y  t h e  c o n t r o l  s t r u c -  
t u r e  f o r  t h e  feed-forward term and t o  ach ieve  h i g h e r  g a i n s  i n  t h e  closed-loop 
feedback terms. The feed-forward term was used as  a l e a d  term t o  p r o v i d e  t h e  
p rope r  i n i t i a l  r e s p o n s e .  I n  f a c t ,  i f  t h e  system were p e r f e c t l y  n e u t r a l ,  t h e  
feed-forward term would have provided t h e  e x a c t  r e s p o n s e  by i t s e l f .  Angular 
rate e r r o r  and a t t i t u d e  e r r o r  terms r e p r e s e n t e d  t h e  d i f f e r e n c e s  between t h e  
model r e sponse  and t h e  a c t u a l  h e l i c o p t e r  r e sponse .  These terms were used as 
high-gain closed-loop c o n t r o l  terms t o  f o r c e  t h e  h e l i c o p t e r  t o  f o l l o w  t h e  model, 
and t h e r e b y  overpower any remaining b a s i c  a i rc raf t  s t a b i l i t y  and c o n t r o l  charac-  
t e r i s t i c s  o r  any r e sponse  t h a t  might be caused by e x t e r n a l  d i s t u r b a n c e s  such as  
g u s t s .  The c losed - loop  e r r o r  g a i n s  t h a t  were used r e s u l t e d  i n  a bandwidth f o r  
t h e  p l a n t  s e v e r a l  times t h a t  o f  t h e  model r e s p o n s e .  These g a i n s  were s u f f i -  
c i e n t l y  h igh  t h a t  i t  was n o t  c o n s i d e r e d  n e c e s s a r y  t o  i n c l u d e  a n  i n t e g r a t e d  a t t i -  
tude  e r r o r  term. 

The 

The model-following c o n t r o l  system f o r  yaw i s  shown i n  f i g u r e  1 4 .  For  t h e  
tu rn - fo l lowing  mode o n l y ,  t h e  model r o l l  a t t i t u d e ,  model r o l l  r a t e ,  and l a t e r a l  
a c c e l e r o m e t e r  terms were a l s o  i n c l u d e d  as i n p u t s  t o  t h e  model yaw re sponse .  
When t h e  p i l o t  changed heading modes, t h e s e  terms were swi t ched  i n  o r  o u t  
t h rough  a s p e c i a l  c i r c u i t  which e l i m i n a t e d  any t r a n s i e n t .  The model roll a t t i -  
t ude  and model r o l l  ra te  terms were used t o  e l i m i n a t e  s i d e s l i p  i n  t he  t u r n -  
f o l l o w i n g  mode. The g a i n s  f o r  t h e s e  terms were based on a nominal speed of 
45 k n o t s .  The l a t e r a l  a c c e l e r o m e t e r  was inc luded  t o  p rov ide  a d d i t i o n a l  c losed -  
l o o p  compensation t o  minimize s i d e s l i p .  The g a i n  on t h e  l a t e r a l  a c c e l e r o m e t e r  
was se t  t o  p rov ide  t h e  d e s i r e d  l e v e l  o f  d i r e c t i o n a l  s t a b i l i t y  a t ,  a g a i n ,  a speed  
o f  45 kno t s .  
s i d e s l i p  a t  h ighe r  s p e e d s ,  t h e  l e v e l  o f  d i r e c t i o n a l  s t a b i l i t y  a c t u a l l y  i n c r e a s e d  
somewhat w i t h  speed.  T h i s  rather s imple  approach t o  a u t o m a t i c  t u r n  c o o r d i n a t i o n  
was found t o  be very e f f e c t i v e  ove r  t h e  speed range f o r  which i t  was used - from 
hover t o  80 k n o t s  a i r s p e e d .  
was so low i n  yaw t h a t  t h e  a i rc raf t  was assumed t o  be n e u t r a l  w i thou t  any uns t a -  
b l e  yaw ra te  feedback term. The l e a d  term and t h e  high-gain ra te  e r r o r  term 
were used as w i t h  p i t c h  and r o l l .  For tu rn - fo l lowing  and f o r  heading hold when 
t h e  p e d a l s  were o u t s i d e  t h e  deadband, a heading error term was computed by i n t e -  
g r a t i n g  t h e  yaw rate  e r r o r .  When heading hold was s e l e c t e d  and t h e  p e d a l s  were 
i n s i d e  t h e  deadband, t h i s  i n t e g r a t i o n  o u t p u t  was h e l d  c o n s t a n t ,  and heading 
e r r o r  was o b t a i n e d  from a d i r e c t i o n a l  gyro w i t h  a s y n c h r o n i z e r  c i r c u i t .  

Because t h e  l a t e r a l  a c c e l e r o m e t e r  o u t p u t  was more s e n s i t i v e  t o  

The i n h e r e n t  damping o f  t h e  unaugmented a i r c ra f t  
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TABLE 1.- RATE A N D  ATTITUDE SAS GAINS 

[Gains  are g iven  i n  terms of  t h e  d e f l e c t i o n  o f  t h e  s a f e t y  p i l o t ’ s  
c o n t r o l  due t o  each  o f  t h e  i n p u t  s i g n a l s ]  

Rate SAS: 
P i t c h :  

E v a l u a t i o n  p i l o t ’ s  c o n t r o l ,  cm/cm ( i n .  / i n . )  . . . . . . . . . . .  1 . 0  ( 1  . O >  
Angular r a t e ,  cm/rad/sec ( i n . / r a d / s e c )  . . . . . . . . . . .  -13.3 ( -5 .25 )  

E v a l u a t i o n  p i l o t ’ s  c o n t r o l ,  cm/cm ( i n . / i n . )  . . . . . . . . . . .  1 . 0  ( 1 . 0 )  
Angular ra te ,  cm/rad/sec ( i n . / r a d / s e c )  . . . . . . . . . . .  -7.92 (-3.12) 

Angular r a t e ,  cm/rad/sec ( i n . / r a d / s e c )  . . . . . . . . . .  -22.4 (-8.80) 
Lateral a c c e l e r a t i o n ,  cm/m/sec2 ( i n . / f t / s e c 2 )  . . . . . . .  -4.05 (-0.486) 

R o l l  : 

Yaw: 
E v a l u a t i o n  p i l o t ’ s  c o n t r o l ,  cm/cm ( i n . / i n . )  . . . . . . . . . . .  1 . 0  (1 .0)  

A t t i t u d e  SAS:* 
P i t c h :  

R o l l  : 
P i t c h  a t t i t u d e ,  “ rad  ( i n . / r a d )  . . . . . . . . . . . . . .  -20.2 (-7.95)  

Rol l  a t t i t u d e ,  “rad ( i n . / r a d )  . . . . . . . . . . . . . . .  -8.56 (-3.37) 

*Same as f o r  ra te  SAS, p l u s  t h e  a d d i t i o n a l  terms g i v e n .  
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80 

TABLE 11.- CONTROL SENSITIVITIES  AND AUGMENTED STABILITY DERIVATIVES 

0.141 
,141 
. I56  
.I74 
,185 

FOR THE RATE SAS AND ATTITUDE SAS CONTROL SYSTEMS 

0.00886 
,01814 
.02044 
.02415 
.02897 I 

C o n t r o l  s e n s i t i v i t y  
Angular  ra te  

damping, sec” 

- 

0.00270 
.00553 
.00623 
.00736 
.00883 

I I 

0.205 

.201 
80 .20 1 

0.080 

.078 

.077 I 80 

0.359 
.359 
.395 
.442 
.471 

0.521 
.521 
.513 
.510 
.510 

0.203 
.203 
. I99 
. I99 
. I 9 5  

_ _ _ ~  

P i t c h  

-2.64 
-2.83 
-3.35 
-3.77 
-3.97 

R o l l  

-2.23 
-2.29 
-2.36 
-2.38 
-2.35 

Yaw 

-1.83 
-1.81 
- I  .82 
-1.82 
-1.81 

m/ sec f t / s ec  

-2.85 
-2.84 
-3.14 
-3.51 
-3.74 

-1.76 
-1.75 
-1.72 
-1.73 
-1.72 

Values  i n d i c a t e d  are f o r  a t t i t u d e  SA.S o n l y .  For ra te  SAS, t h e s e  terms are  a 

zero.  
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TABLE 111.- CHARACTERISTIC ROOTS FOR THE RATE SAS 

AND ATTITUDE SAS CONFIGURATIONS 
.- 

k i r s p e e d ,  k n o t s  I L o n g i t u d i n a l  I L a t e r a l - d i r e c t i o n a l  

Rate SAS 

0 

20 

40 

60 

80 

0 

20 

40 

60 

80 

0.0058 f j0.2739 
-0.3324 
-2.6690 

-0.0045 k j0.2875 
-0.2719 
-2.9728 

0.2674 
-0.2469 2 j0.2641 

-3.6836 

0.2622 
-0.29 10 j0.2435 

-4.1570 

0.2327 
-0.3148 f j0.2081 

-4.397 1 

A t t i t u d e  SAS 

-0.0942 
-0.3355 

- I  .2800 2 j i . 0 0 3 1  

-0.0740 
-0.6607 

-1.2595 k j0.5180 

0.0402 
-0.6396 k j0.5475 

-2.671 1 

0.0272 
-0.6463 k j0.6187 

-3.2115 

0.0075 
-0.6673 k 0.6649 

-3.4670 

0.0189 f j0.3686 

-2.2773 

-0.0266 k j0.4658 

-1.8336 

~___ 

-1.7175 
-2 - 3660 

-0.1029 +- j0.4861 
-1.5983 
-2.4349 

-0.2253 jO.5399 
-1 -3609 
-2.4741 

-0.4361 2 j0.6892 
-0.9 104 
-2.4955 

-0.2944 
-0.9728 2 jO.5150 

-1 -8330 

-0.5499 j0 .5409 
-1.4279 
- I .  6089 

-0.5278 k j0.6729 
-1.5917 f j0.2780 

-0.5377 A j0.8527 
-1.6051 f j0.3555 

-0.5483 2 j 1 -0802 
-1.5908 k j0.3936 

1 
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TABLE 1V.- CONTROL RESPONSE CHARACTERISTICS FOR 

THE ATTITUDE CAS CONTROL SYSTEM 

P i t c h  and r o l l :  
Con t ro l  s e n s i t i v i t y ,  rad/sec2/cm ( r a d / s e c 2 / i n . )  . . . . . . . . . 0.079 ( 0 . 2 )  
Angular r a t e  damping, sec" . . . . . . . . . . . . . . . . . . . . . . -2.12 
A t t i t u d e  s t i f f n e s s ,  rad /sec2/ rad  . . . . . . . . . . . . . . . . . . . -2 .O 
Natu ra l  f r equency ,  r a d / s e c  . . . . . . . . . . . . . . . . . . . . . . 1 .41  
Damping r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.75  

Yaw ( tu rn - fo l lowing  and headin  -hold modes) * 
Cont ro l  s e n s i t i v i t y ,  r a d / s e c  5 /cm (rad/sec ' / in .  . . . . . . . . 0.083 (0.21 
Con t ro l  deadband,  cm ( i n . )  . . . . . . . . . . . . . . . . . . 0 . 6 4  (+0.25) 
Augular ra te  damping, sec- . . . . . . . . . . . . . . . . . . . . . . -0.7 1 

Yaw ( tu rn - fo l lowing  mode o n l y ) :  
D i r e c t i o n a l  s t a b i l i t y ,  rad /sec2/ rad  . . . . . . . . . . . . . . . . . . 0.32  
Yaw due t o  r o l l ,  r ad / sec2 / r ad  . . . . . . . . . . . . . . . . . . . . . 0.30 
Y a w  due t o  r o l l '  r a t e ,  r ad / sec2 / r ad / sec  . . . . . . . . . . . . . . . . 0.43  
Na tu ra l  f requency ,  r a d / s e c  . . . . . . . . . . . . - . . . . . . . . . 0.56 
Damping r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.62  

TABLE V . -  SURFACE W I N D  CONDITIOEjS 

F l i g h t  number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 

Runway heading ,  
deg 

280 
280 
280 
100 
280 
280 
280 
350 
350 
350 
280 
280 
280 

Wind d i r e c t i o n ,  
deg 

260 
250 
200 
200 
340 
300 
350 
040 
320 
170 
230 
200 
260 

~ 

Wind magnitude,  
kno t s  

6 t o  8 
10 t o  12 
8 t o  10 

1 4  t o  18 
10 t o  12 

6 t o  10 
7 t o  8 
6 t o  8 

8 
6 t o  12 
6 t o  8 

10 t o  14  
10 t o  14 
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2 Horizontal situation display 
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3 Pressure altitude 
4 I ndicated airspeed 
5 Vertical speed 
6 Radar alt itude 
7 Safety pilot's collective position 
8 Engine and rotor rpm 
9 Compressor rpm 

10 Clock 

F i g u r e  2.- D i s p l a y  p a n e l  f o r  e v a l u a t i o n  p i l o t .  
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, ’1’ 6” 

Range, m 

I I 1 - I -  L__--L-- I 
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( b )  A l t i t u d e  p r o f i l e .  

F i g u r e  4.- Nominal r ange - ra t e  and a l t i t u d e  p r c f i l e s .  
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Figure 5.- F l i g h t  d i r e c t o r  c o n t r o l  laws. 
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Cross- range L i m i t  Cross- range L i m i t  Roll 
knots  ra te  ra te  O. 243 - Cross > m command  

r a n g e  '(074 y) 

: Roll 
att i tude' 

1.0 

5.0 %/de9 d i r e c t o r  F l i gh t  1-1 command  

Figure  5.- Continued. 



A l t i t u d e  A l t i t u d e  
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a l t i t u d e  
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p e r c e n t  - d i r e c t o r  

( e )  C o l l e c t i v e  command. 

F i g u r e  5.- C o n c l u d e d .  



F i g u r e  6 . -  H o r i z o n t a l  s i t u a t i o n  d i s p l a y .  
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of chart 
displayed 

(a> Coarse s c a l e .  

F igu re  7.- H o r i z o n t a l  s i t u a t i o n  d i s p l a y  c h a r t s .  
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F i g u r e  7 .- Continued.  
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F i g u r e  7.- Concluded. 
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F i g u r e  9.-  Approach performance. 
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F i g u r e  9.- Continued. 

32 



3W- 

200 

= 100- 
d 
m c 
E 0-  

e 
“7 m 

V 
-1W- 

-200 

-3W- 

-50 t 

- 

- 

-100 I 1  

IOW- 

800 

c 

6 6 0 0 -  
0 
3 
L L 

400- 

2W- 

- 

0- 

I 

300- 

.ZOO- 
d 
0 
=l c 

4 

100- 

01 I I . ~ I. I 

70 

60 

50 

.A - 
40- 

x 

m* 
c 

e 30- 

20- 

m m c m 

10- 

- 

- 

- 

1 I I I I L .  1 2 

Range, m 
-5W 0 500 1000 1500 2000 2500 3000 3500 01 

1 1 1  I I I I I I -.A 
-1dW b lCK- 2000 3oM) 4000 5000 6000 7000 8000 9000 low0 

Range, ft 

( c )  A t t i t u d e  SAS and s i t u a t i o n  only .  

F i g u r e  9.- Cont inued.  
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F i g u r e  9.- Concluded. 
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F i g u r e  10.- Hovering performance. 
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F i g u r e  IO. - Concluded. 
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Un stab1 e feedback 
. / - term to approximately 

, ' neutra l ize basic a i rcraf t  
> Helicopter 

angular rate > 

Model anqular I \L 

Basic a i rcraf t  
cont ro l  system 

' -Lead term 
K2 

i npu t  

. \  

4- - - - Stable feedback 
te rms 

Helicopter > 
attitude 

Pi tch Roll 

0.072 (0.028) 0.084 (0.033) cm 
K1' deg/sec (&) 
KT deglsec c m  ( d*c) 0.97 (0.38) 0.62 (0.24) 

($) 3.25 (1.28) 1.72 (0.68) cm 
K3* deg 

F i g u r e  13.- A t t i t u d e  CAS c o n t r o l  system f o r  p i t c h  and roll. 
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(see table IVI  
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Late ra I I 1 accelerometer’ 
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control  system 

I ntearator 

Heading , 

Helicopter Synchronizer 2!3!?’ 
heading -1 c i rcu i t  ~ 

F i g u r e  14.- A t t i t u d e  CAS c o n t r o l  s y s t e m  f o r  yaw. S w i t c h  o p e n s  and s y n c h r o n i z e r  c i r c u i t  d e f i n e s  a 
h e a d i n g  e r r o r  when h e a d i n g - h o l d  mode i s  s e l e c t e d  a n d  p e d a l s  are w i t h i n  deadband.  
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used by NASA that may be of particular - 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 

interest in commercial and other- non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization Reports and 
Technology Surveys. 
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